Dynamic molecular processes modulate dipolar and quadrupolar interactions in nuclear spin systems. Zero field NMR measures evolution arising purely from these interactions, and thus can be used to characterize molecular dynamics in disordered samples. A theory is presented which numerically simulates the effect of molecular reorientation in zero field NMR for a spin-l nucleus or pairs of dipolar coupled spin-l/2 nuclei. Representative zero field NMR simulations are compared to their high field NMR analogs to demonstrate features which make zero field NMR a potentially useful tool for the study of molecular dynamics.
I. INTRODUCTION
Deuterium high field NMR of isotropic and anisotropic liquids and solids has proved invaluable in the investigation of molecular dynamics. 1--6 In this work, we present a theory which describes the effect of molecular motion on zero field NMR spectra and demonstrates the applicability of this technique in determining the motional model and extracting the relevant dynamic parameters such as jump angles and rates or diffusion axis and constants. High field NMR resonances of those systems arising from intrinsic static orientational anisotropy of the sample are usually broad and often featureless. 3 ,7,8 These line shapes are determined by molecular motions. However, the deduction of the motional model from these spectra may prove difficult, especially if the effects on the line shape are subtle. Recently, Schmidt et al. have demonstrated a two-dimensional 2H NMR experiment which is model independent and yields the jump angle directly from the spectrum. 9 Zero field NMR spectra of anisotropic liquids and solids contain sharp "crystal" like resonances. These resonances are characterized by the quadrupolar and/or dipolar interaction. Therefore, zero field NMR should be able to exploit the whole dynamic range of the local interaction without the complicated inclusion of the Zeeman interaction. Hennel et al. and Jonsen et al. have published analytical theories describing systems of two and three dipolar coupled protons, 10 pairs of spin-l/2 nuclei, and isolated spin-l nuclei. 11 Serebrennikov has developed a compact expression for the zero field spectra of molecules undergoing Brownian reorientations. 12 In this paper we describe numerical solutions of multisite jump and continuous diffusive reorientation in zero field NMR. The methods used in this work are extensions to the analytical zero field approach II and previous high field treatments. in zero field. 14 In the following we compare high and zero field NMR with particular reference to dynamic processes, in particular planar jumps, tetrahedral jumps, planar diffusion, and spherical diffusion.
A. Zero field NMR experiment
At present, there are two basic zero field NMR experiments: (a) sudden version and (b) adiabatic demagnetization in the laboratory frame (ADLF). The sudden version involves the preparation of magnetization in first rank tensor operators and ADLF in second rank tensor operators. The experimental methods and apparatus used in these techniques have been described elsewhere. 15 -2o The theory described here pertains only to the sudden version of the zero field NMR experiment.
B. Nomenclature and convention
The electric field gradient (EFG) tensor has components Vii' i = X, Y, Z, in its principal axis system (PAS). The magnitudes of these three field gradients follow the convention IVzzl>lVyyl>lVxxl. The asymmetry of the EFG tensor is given by 1]= (lVyyl-lVxxi)/lVzzl and V zz = eq. The quadrupolar coupling constant for a spin-l nucleus is A = e 2 qQ I (4h). For dipolar couplings between two spin-l/2 nuclei, this constant can be replaced with A = Yiyjh 1(4n2rt) and 1] = 0, whereYi is the gyromagnetic ratio of nucleus i and r ij is the internuclear distance between nucleus i and nucleus j. The units of A are [s -I ] .
The exchange rate of ajump process is denoted K J and a continuous diffusion process is denoted K R' The exchange rate is simply the inverse correlation time, properly defined according to the motional model. 3,4 The units of K are [s -1 ] . The motional regimes are described by the unitless constant KIA.
C. Assumptions
The assumptions made prior to the theoretical treatment are: (I) the molecular dynamics are stationary Markov processes, (2) the instantaneous jump alters only the spatial part of the Hamiltonian, no transitions are excited between the nuclear energy levels, and (3) no couplings exist between the sites. Assumption (3) can be easily satisfied in the 2H zero field NMR experiment by using partially deuterated samples.
II. DENSITY MATRIX THEORY
In this section, a dynamic NMR model for 1 = 1 and pairs of dipolar coupled 1 = 1/2 spin systems is developed using the density matrix formalism. The spin Hamiltonian employed considers quadrupolar or dipolar interactions. Evolution and relaxation in zero field are described by the stochastic Liouville equation,21.22 which is solved using a finite grid point method. 23, 24 Diffusive and jump motions are explicitly considered in the calculation, This approach is a direct extension of previous high field 4 ,13 and zero field 11 treatments,
A. Zero field Hamiltonian
The spin Hamiltonian, representing quadrupolar interactions in the laboratory frame x, y, z, defined by the polarizing field B o ' is conveniently written as a scalar product of two irreducible spherical tensors:
where T 2 ,M and F 2, _ M (n) denote laboratory frame spin operators
(2) and spatial operators, respectively. In high field, it is usual to neglect the nonsecular terms, T 2 ,M with M #0. The orientation dependence of the spatial operators can be evaluated by a twofold transformation from the principal axis system X p ' Y p' Zp in which
where A and rJ are defined in Sec. I B. The zero field Hamiltonian, in its PAS, is explicitly written as follows:
The Hamiltonian is transformed from the PAS to a molecular, or diffusion, tensor system X M , Y M , ZM' using the Wigner rotation matrix !iJ(2)(cp()t/!)25 and, finally, into the laboratory frame using !iJ (2) (<1>8'1'), see 
F2.M (n)
Diagonalization of the zero field Hamiltonian, Eq. (1), is achieved by the similarity transformation (6) where J7"'Q and R(n) denote the constant eigenvalues hA(1 ± 'Tj), -2hA, and the orientation-dependent eigen- 
B. Stochastic Liouville equation
Formally, the observable zero field NMR signal obtained from the sudden experiment is given by (7) where P (n,t ') is the time-dependent full spin density matrix, assumed to obey the stochastic Liouville equation 21 -24 
cW' Q (n) denotes a superoperator 26 associated with the zero field Hamiltonian J7'" Q ( n). r n is the stationary Markov operator for the various motional processes with the equilibrium distribution P eq (0) obeying rn'Peq(n)=0 (9) and
is the equilibrium density matrix. (10) In the finite grid point method, the Markov operator is represented by a transition rate matrix W(n,n), the elements of which give the transition rate between discrete sites of .0, The values of the transition rates depend upon the model used to describe the motion. For a continuous diffusive process, rotation through a sequence of infinitesimally small angular steps is assumed and the transition rates must satisfy the following 27 :
c. Stationary Markov operator
where t::. is the angular separation of adjacent grid points. Solving Eq. (11), one can establish values for all "diffusive" transition rates in terms of two rotational exchange rates K Rl andK R II' and the equilibrium population P eq (n) of the sites. K Rl is the exchange rate for reorientation of the symmetry axis of the diffusion tensor and K R II refers to rotation about it.
In a random jump process, reorientation occurs through arbitrary jumps between various orientations. Consequently, the "jump" transition rates are given by28 (12) where K J is the jump exchange rate.
D. Numerical evaluation
By introducing the reduced density matrix, defined as follows:
(T(n,t') = p(n,t') -Peq(n), (13) Eq. (8) can be rewritten as
at (14) Eq. (14) integrates to (15) where (T(n,O) is the initial condition of the reduced density matrix at t' = 0.
In the sudden zero field NMR experiment, the initial condition results from the sudden switch-off of the intermediate applied field, yielding (16) The initial condition ofEq. (16) does not commute with the quadrupole Hamiltonian and is, therefore, nonstationary and evolution under the zero field Hamiltonian is initiated.
The exponent of Eq. (15) can be diagonalized using a similarity transform:
The matrix A( n) is diagonal and contains the eigenvalues of the exponent of Eq. (15). Substitution of Eq. (17) into Eq. ( 15) results in
In a suitable basis the representation of the exponent ofEq. ( 15) yields a complex-symmetric matrix. Thus, the numerical evaluation of Eq. (18) is readily accomplished by employing the Rutishauser algorithm. 29 Evaluating the trace of [«(T(n,t') + Peq (n»· I z ]' according to Eq. (7), gives the zero field interferogram L (t '). Fourier transformation of L(t') yields the zero field NMR spectrum. The corresponding high field spectrum is obtained by evaluating the same expression with 1+, yielding the signal function for a simple 90° pulse followed by acquisition.
E. Extension to previous zero field treatment
The previous analytical approach to dynamic effects in zero field NMR II can be modified to calculate the zero field NMR spectra for arbitrary orientations of the magnetic tensor with respect to the molecular diffusion axis by merely evaluating the frequency matrix elements and performing a further transformation which converts imaginary frequency elements into reals. Expressions for the frequency elements and this transformation are presented in the Appendix. This method yields matrices of dimension eight per site. This is because the magnetization component of Too is dropped as the trace of quadrupolar and dipolar Hamiltonians is zero. This method requires a single diagonalization in the molecular frame. The general theory described earlier produces matrices of dimension nine per site and the diagonalizations are performed in the laboratory frame. The full dimensionality is retained as the theory is applicable to both zero and high field dynamics problems, including continuous diffusive processes.
III. COMPUTATIONAL METHODS
For the jump models, dedicated programs for zero field and high field motions simulations were used, the zero field program based upon the approach ofJonsen et al. ll For the continuous diffusion models, a program package based on the general theory was used to simulate both zero and high field NMR spectra. 13 All program packages were written in FORTRAN 77.
A. Discrete jump simulations
The analytical program of Ref. 11 was used to simulate the motional effects on the spectra for the two-site jump models. The larger site dynamics problems were modeled using the extended numerical approach. Both the dedicated high and zero field NMR programs were executed on a DEC VAX 11/730.
B. Continuous diffusion simulations
The program package based upon the general theory was run on a HP 1000 F series computer (planar diffusion) and on a CRA Y 2 computer of the Computer Center, Universitat Stuttgart (spherical diffusion).
C. Computer simulation parameters
Calculations were done for powder samples, e.g., an isotropic distribution for the molecular system with respect to the external laboratory frame was considered. In the case of a static powder (jump motion) the number of grid points in the Euler angle spheres was a function of sin (e) to efficiently use computing time. In case of a dynamic powder distribution (diffusive motion) the number of grid points was subsequently increased until convergence of the calculated line shapes was achieved. The final number of sites per sphere varied with the value of the exchange rate, a typical value being 25. All displayed spectra were underlayed with a residual line broadening a = A /100.
IV. SIMULATIONS
Here are presented the zero and high field dynamic NMR simulations for some representative motional models. The models considered include both discrete jumps and continuous diffusion. They are planar jumps (two and three sites), tetrahedral jumps (equal and unequal populations), and planar and spherical diffusion.
A. Discrete jump processes
The Euler angles which are the arguments of the Wigner rotation matrix used to make the transformation of the PAS into the molecular diffusion frame are rp, 0, and t/J. For planar jumps the jump angle is t/J = 360 0 /number of sites. The angle o is the angle between Zp and the molecular axis ZM (see Fig. 1 ). rp determines the orientation of the Xp and Y p axes. If rp = 0° then the Y p axis is in the plane of rotation. X p is in this plane if rp = -90°.
Two-site jumps
The two models discussed here are for t/J = 180°, t/J = -90°, and 0 = 125.3° and 161.4°. These models pertain to the jump motions of water molecules in crystalline hydrates 3 0-32 and the exchange of hydrogen bonded protons in centrosymmetric carboxylic acid dimers,33 respectively. a. 0 = 125.3°. Only the rapid and rigid motional regimes have been accessible to NQR,30,31 whereas 2H NMR has been used to study the entire motional range. 32 Figure 2 depicts the zero and high field NMR spectra, for every motional regime, predicted for a deuteron in a crystalline water molecule which is hopping between two equivalent sites. The asymmetry of the rigid EFG tensor is assigned a value 1] = 0.1, this value being typical for static crystalline water molecules. 34 When molecular motion begins to average the quadrupolar interaction, the zero field lines broaden. This broadening is at a maximum in the intermediate motion regime, K J / A = 1. As the exchange rate increases, sharp resonances appear at frequency positions characterized by the ten- sor values of the time-averaged quadrupole coupling tensor. With the parameters listed here, the effective asymmetry parameter obtained, in the rapid motional limit, is 1]Av;::::0.8. This value is similar to that observed experimentally. 30,31
The high field spectra remain broad over the entire motional regime, no appreciable differences in the spectra being observable for K J /A>3. The asymmetry parameter is not as easily determined from the high field spectra compared to the zero field analog. It is apparent from Fig. 2 that the zero field NMR spectra display more pronounced changes compared to the high field NMR spectra. h. 0 = 161.4". This model pertains to two dipolar coupled protons which are each hydrogen bonded to the carboxylic acid group of the other in a centrosymmetric dimer. Molecular dynamics of this kind have been investigated for the carboxylic acid protons in toluic acid. 33 The static regime in this system, toluic acid, may not be attainable as tunneling effects may become dominant at lower temperatures.
The change in direction of the internuclear vector, arising from a concerted jump of the protons, is 37.2°. Figure 3 illustrates the high and zero field simulated NMR spectra for this model in the motional regimes 0<KJ/A<104. The dipolar Hamiltonian gives three lines, for the zero field simulation, in the rigid regime at V x ' Vy = 3A, -3A and V z = O. As the motion increases, the dipolar interaction is partially averaged and the lines broaden. With K J / A values greater than 3, a small asymmetry is observed. In the rapid motional limit, this asymmetry is 1]Av ;::::0. 3.0A ~...,... Figure 4 illustrates the dependence of the rapid motionally averaged quadrupole coupling, AAv' for various rigid asymmetry parameters with respect to the angle 8. Figure4(a) is fort/J = 0° and Fig. 4(b) is for t/J = -90°. These results were calculated via the zero field program and agree with those calculated analytically by a weighted time average of the EFG tensors of each site. The relevance of these plots will be discussed below.
Three-site jumps
a. 8=9(1, TJ=O. These parameters describe the reorientation of Zp and Y p in the rotation plane and Xp coincident with the molecular diffusion axis. Figure S presents Fig. 6 . The asymmetry is averaged to zero by the rotation and the principal axis of the EFG tensor, in the rapid limit, is coincident with the molecular axis ZM' The individual lines broaden and shift in a similar manner described in the previous section [see Fig. S(a) ]. However, for TJ = 0.1, it is possible to discern 1¢v for KJIA = 3, this extremely broad resonance arising from the rigid Vx and Vy resonance. The effective --,. Figure 7 depicts the zero and high field NMR simulated spectra for the motional range 0.01 <;KJIA <; 100. This model can be used to describe the jump of a methyl deuteron between equivalent sites. 30 The effects of the motion are similar to those observed in Fig. 5 . However, the value of A Av is much smaller than that in Fig.  5 . Therefore, the V z resonance does not have to shift as far as in Figure 8 depicts the simulated zero and high field NMR spectra for () = 144.7°. For this value of () and 1], it can be realized from Fig. 4 that the value of A Av will be identical to that for () = 90° and 1] = O. However, the spectra of Fig. 8 differs from the corresponding spectra in 
Tetrahedral jumps
Two examples of tetrahedral jumps are presented. These are: (a) equally populated sites and (b) unequally populated sites. These situations give rise to totally different rapid regime results. a. Isotropic tetrahedral jumps. Figure 9 illustrates the zero and high field NMR spectral simulations for 0.01 <;KJI A <; 100. This motional model averages the quadrupole coupling to zero. Hence, only a sharp line at zero frequency is observed in both the zero and high field spectra. The zero field NMR spectra broaden as K J / A is increased from the static regime. The resonances then coalesce at the center frequency and sharpen as the exchange rate approaches the rapid motional limit. The high field NMR spectra change as follows: (1) the singUlarities broaden, (2) at KJIA = 0.1, a peak appears at zero frequency becoming more dominant as KJIA increases, and (3) the broad base loses intensity and a single line is resolved in the center of the spectrum. The zero field NMR spectra exhibit far broader lines in the intermediate range than the high field analog. However, in the rapid motional limit, the linewidths of these lal Ibl
--.- two lines should be comparable. As the line narrowing is greater in zero field, one would predict the zero field experiment to be more sensitive in determining exchange rates above the intermediate regime.
Examples of tetrahedral motions include the four 14N nuclei and the three interpenetrating sets of tetrahedrally arranged 2H nuclei in hexamethylene tetramine.
36 ,37 The work of Alexander et al. 36 considered spin-lattice relaxation of the 14N nuclei in the intermediate regime, where they found the spin-lattice relaxation rate is equal to the exchange rate.
h. Anisotropic populations with tetrahedraljump. Figure  10 depicts the simulated zero and high field NMR spectra for 0.01 <'K J / A <, 100 with unequal site populations. For the parameters chosen here, the rapid motionally averaged quadrupole coupling has an asymmetry parameter 77 Av = 1. The zero and high field NMR line shape of the rapid motional regime is characteristic of these averaged quadrupole parameters. For values of K J / A <,0.3, the linewidths of the zero field NMR spectra are far more sensitive than the corresponding high field analogs in the same ways as discussed for Sec. IV A 3 a.
B. Continuous diffusion

Planar rotational diffusion
This motion refers to a rotation about the symmetry axis of the diffusion tensor. The orientation of the rotation axis is fixed within the laboratory reference frame. Furthermore, an isotropic equilibrium distribution P eq (n) is assumed. Different orientations of the magnetic tensor with respect to the diffusion tensor have been selected. These orientations are specified by the angle e. The different series of zero and high field spectra are shown in Figs. 11-14 . This motion yields a fast motion spectrum with 77 Av = 0, which is identi- "RillA"" 100
FIG. 14. Computed zero field Ca) and high field Cb) powder NMR spectra for planar rotational diffusive motion in the dynamic range of O. OI'; ; ; K R lilA, ; ; ; 100. 7J =Oand 8= 90'. cal to the rigid limit spectrum scaled by a frequency factor fAy = (1/2)(3 cos 
Isotropic spherical diffusion
This motion completely averages any second rank tensorial magnetic interaction when the motion is rapid, giving rise to a single zero frequency and a single Larmor frequency line in zero and high field NMR, respectively (see Fig. 15 ). On decreasing the exchange rate, one sees three lines emerging from the broad coalescence region in zero field, whereas the high field case will gradually change to the rigid limit Pake pattern. These situations arise when symmetric molecules such as deutero-chloroform continuously diffuse in an isotropic environment. 
-2o
Analysis can be simplified by the use of an oriented single crystal. Zero field NMR is a technique that can measure the spin relaxation of particular components of magnetization. Relaxation in zero field will be considered in greater detail in a future publication. 35 
B. Planar jumps and planar continuous diffusion
We now discuss zero field NMR simulations with if! = 360 0 /n, () = 90° for n = 4, 5,6, 10. In all cases, identical asymmetry parameters and quadrupole couplings were used and, as expected, identical averaged quadrupole parameters were obtained for the rapid motional limit. The high field spectra exhibit minor differences in the intermediate motional regime, however, no such differences were observed for their zero field analogs. All zero field simulations give identical spectra at different exchange rates for different values of n. This suggests that zero field NMR may not be able to determine the numbers of sites in the plane for () = 90°. Fig. 5 have already been described as being identical to the spectra for n = 6. Comparison of Fig. 5 with Fig. 14 which is for planar diffusion yields a surprising result. Both the zero field and high field NMR spectra in Fig. 14 are identical to their corresponding spectra in Fig. 5 . This implies that both zero field NMR and high field NMR cannot distinguish between three-site jump (tP = 120°), six-site jump (tP = 60°), and planar diffusion. could also be used. Dipolar coupling of adjacent deuterons may give additional spectral features, the dipolar coupling being sensitive to the relative orientations of the EFG tensors. 34 . 38 However, the dimension of the calculations increases rapidly and will not be discussed here. The insensitivity of zero field NMR for multisite exchange processes is not found for 0 #90°, as will be seen below. For 0 # 90°, some interesting results are found. In Figs respectively. For these cases the spectra are broad humps in the intermediate regime. For Figs. 8 and 11 , the v + line is averaged into the ~v line and the same for v _. Therefore, the intermediate spectra in high field retain an appearance of a broad powder pattern, the xy singularities observable throughout the entire motional range. The determination of the value of 0, as it can be realized from Fig. 4 that two values of 0 can produce the same value of A Av' is more easily carried out in zero field due to the high resolution character of the spectra.
Spectra in
Comparison of Fig Also, in Fig. 13 , no splitting has begun for K R II I A = 3 compared to that in Fig. 7 for KJIA = 3. The zero field NMR technique should, therefore, prove invaluable in distinguishing between jump motions or continuous diffusion for
0#90°.
C. Tetrahedral jumps and spherical continuous diffusion
Figures 9 and 15 are of the tetrahedral jump and the continuous spherical diffusion spectra. The high field NMR spectra of these two processes are very different. All the spectra in these figures give a single line at the center of the spectrum for KIA = 100. The zero field spectra have more pronounced changes as they start, in the rigid regime, with sharp lines, broaden and coalesce and resharpen. However, the high field spectra just progressively narrow. The difference in the zero field NMR spectra for KIA = 1 is great, the width of the broad resonance in Fig. 15 being 6A . The particular consequences for relaxation will be discussed separately.35 Zero field NMR is obviously more sensitive to these motions than high field NMR.
D. Conclusions
Zero field NMR is applicable to the study of molecular dynamics. The changes in the spectra involve not only the line shape and width but also the frequency of the resonances. As zero field NMR spectra have "high-resolution" character, they are, in general, more sensitive to subtle changes in exchange rates and motional models. Systems with 7]#0 can be identified more precisely due to this high resolution character and should prove extremely useful in the accurate determination of the jump angle for two-site problems and the determination of the orientation of the EFG tensor and exchange rates in many site dynamic problems.
For the special case (a'/3' y' = 0) of Ref. 
